The cAMP-dependent PKA signalling plays a central role in growth, asexual development and pathogenesis in fungal pathogens. Here, we functionally characterised RPKA, the regulatory subunit of cAMP/PKA and studied the dynamics and organisation of the PKA subunits in the rice blast pathogen Magnaporthe oryzae. The RPKA subunit was essential for proper vegetative growth, asexual sporulation and surface hydrophobicity in M. oryzae. A spontaneous suppressor mutation, SMR19, that restored growth and conidiation in the RPKA deletion mutant was isolated and characterised. SMR19 enhanced conidiation and appressorium formation but failed to suppress the pathogenesis defects in rpkAD. The PKA activity was undetectable in the mycelial extracts of SMR19, which showed a single mutation (val242leu) in the highly conserved active site of the catalytic subunit (CPKA) of cAMP/PKA. The two subunits of cAMP/PKA showed different subcellular localisation patterns with RpkA being predominantly nucleocytoplasmic in conidia, while CpkA was largely cytosolic and/or vesicular. The CpkA anchored RpkA in cytoplasmic vesicles, and localisation of PKA in the cytoplasm was governed by CpkA in a cAMP-dependant or independent manner. We show that there exists a tight regulation of PKA subunits at the level of transcription, and the cAMP signalling is differentially compartmentalised in a stage-specific manner in rice blast.
Introduction
Signal transduction cascades respond to environmental changes and rely on cognate second messengers to relay external signals from membrane receptors to one or more effectors within the cell. Cyclic AMP (cAMP) is one such universal second messenger used by diverse forms of life from protozoa to mammals. The classic cAMP signalling pathway involves a G-protein coupled receptor (GPCR) that responds to extracellular signals and activates the G-alpha subunit and in turn induces the adenylyl cyclase (AC) that synthesises cAMP. The cAMP is generated from ATP by ACs whereas phosphodiesterases (PDEs) catalyse its hydrolytic degradation. Protein kinase A complex (PKA), a serine/threonine kinase is the immediate effector of cAMP in eukaryotes and is structurally conserved (Taylor et al., 1990) .
The inactive PKA holoenzyme, a tetramer composed of two catalytic (CPKA) subunits bound to two regulatory (RPKA) subunits gets activated by binding of cAMP and liberates CPKA. The active CpkA initiates phosphorylation of the target effector proteins involved in cAMP-regulated processes (Kronstad, 1997) . Each RpkA subunit has a dimerization/docking domain at the N-terminus, followed by the flexible linker region containing an inhibitor site that docks the active-site cleft of the CpkA. Two tandem cAMP binding sites are present at the C terminus. The cAMP signalling plays pivotal roles in fungal pathogenesis and has been shown to regulate various aspects of cell growth, cell cycle progression, morphogenesis and sexual development (Kronstad et al., 1998; Lengeler et al., 2000; Nadal et al., 2008; Fuller and Rhodes, 2012) . The remarkable conservation of the cAMP-PKA signalling cascade allowed the identification of components of this pathway in several fungal species. Inspite of such overall conservation, each fungal system has its own signalling specificities and controls different functions. Magnaporthe oryzae is an economically important ascomycetous fungus that causes the devastating rice blast disease with typical yield losses ranging from 10 to 30% (Franck et al., 2013) . M. oryzae is also able to infect other cereals like wheat, barley and millet and the rice-blast pathosystem serves as an excellent model to investigate the fungus-host interactions (Valent, 1990) . M. oryzae produces conidia, the asexual spores that initiate blast disease cycle on contact with the plant surface mediated by the spore tip mucilage. Subsequently, the conidia germinate and form the specialised appressoria at the tips of germ tubes to breach the plant surface. The penetration hyphae enter the host cells and proliferate inside forming infection hyphae that establish and spread the blast disease (Talbot, 2003) . G-protein signalling in M. oryzae comprises three distinct Ga subunits (MagA, MagB and MagC), two Gb (Mgb1 and Mgb2) and one Gg subunit. Studies over last two decades have shown that the G-protein/cAMP signalling cascade play essential roles in asexual development, appressorium formation and disease establishment in M. oryzae (Liu and Dean, 1997; Fang and Dean, 2000; Nishimura et al., 2003; Liu et al., 2007) . The disruption of adenylate cyclase gene MAC1 resulted in pleiotropic defects on growth, conidiation, sexual development, and appressorium formation (Choi and Dean, 1997; Adachi and Hamer, 1998) . Studies on low-and high-affinity PDEases revealed that PdeH is a key regulator of asexual and pathogenic development and has a role in regulating intracellular cAMP levels during pathogenic and invasive growth while PdeL plays a minor role in these aspects (Ramanujam and Naqvi, 2010; Zhang et al., 2011) .
A principle that has emerged over the past two decades is that cells achieve specificity in signalling networks by organising discrete subsets of proteins in space and time (Good et al., 2011) . The A kinase anchoring proteins (AKAPs), that scaffold and direct enzyme pools to a subset of their physiological substrates at specific subcellular locations, contribute to the precision of intracellular signalling events in mammalian cells (Colledge and Scott, 1999; Good et al., 2011) . However, no AKAPs have been identified to date in lower eukaryotes, although the cAMP signalling pathway has been extensively studied therein (Griffioen et al., 2000; Griffioen and Thevelein, 2002; Ramanujam et al., 2013) . Nevertheless, these studies revealed the presence of subtle differences between yeasts/fungi and higher eukaryotes in cAMP signalling pathways. The organisation of components of these pathways and how they precisely regulate cellular responses remains to be fully understood in other fungal species. Previously, we showed that Rgs1 (regulator of G-protein signalling 1) negatively regulates the Ga proteins and its N-terminal DEP domain has a specific vesicular/membrane targeting function in M. oryzae (Liu et al., 2007; Ramanujam et al., 2012) . More recently, we have also shown that anchoring and trafficking of Gprotein signalling components on late endosomes endows M. oryzae with the ability to specifically activate, integrate and achieve modularity and spatiotemporal control of signalling responses critical for pathogenesis (Ramanujam et al., 2013) .
Inspite of such extensive studies on the upstream regulators and dynamics of G-protein signalling, relatively little is known about the downstream effectors of cAMP pathway in fungi. The cPKA is dispensible for normal growth and conidiation but is required for appressorium formation and function and thus for pathogenesis in Magnaporthe (Mitchell and Dean, 1995; Xu et al., 1997) . In addition, a suppressor (SUM1) that partially rescues a gene-deletion mutant of the adenylate cyclase mac1 has been described (Adachi and Hamer, 1998) . Although these studies confirm that cAMP signalling and PKA play a central role in the development and pathogenicity of M. oryzae, a complete understanding of the functions of the PKA, its subcellular localisation, dynamics and organisation of the signalling components remain largely unelucidated.
In this report, we set out to investigate the effects of RPKA deletion and the subcellular localisation of PKA in M. oryzae. We show that deletion of RPKA results in severe defects in growth, conidiation and pathogenesis. A spontaneous suppressor mutation that restored growth and conidiation in the RPKA-deletion mutant was isolated and characterised. Characterisation of the RPKA mutant and the aforementioned suppressor revealed that proper regulation of the cAMP-PKA signalling pathway is necessary for pathogenesis in M. oryzae. Further, we assessed the localisation of RpkA and CpkA during the pathogenic phase of development in M. oryzae. Our results demonstrate that the subcellular localisation of PKA is regulated by cAMP and regulatory subunit-dependent and independent mechanisms. Striking differences exist in the regulation of PKA in M. oryzae compared to other fungal pathogens.
Results
RPKA deletion affects hyphal growth, conidiation and hydrophobicity in M. oryzae
To study the function of RPKA, a gene-deletion mutant was generated replacing the RPKA ORF with the hygromycin phosphotransferase (HPH) marker using Agrobacterium-mediated transformation in M. oryzae wild-type B157 strain. Two of the positive transformants confirmed through Southern blotting and locus-specific PCR (Supporting Information Fig. S1 ) were characterised further. The rpkAD showed marginally slower radial growth and significant defects in aerial growth and colony pigmentation compared to the wild type on Prune agar (PA) or Complete medium (CM) (Fig. 1A) . The mycelial growth/biomass in rpkAD was compact and showed enlarged bulbous cells at the tips of hyphae at 48 hpi in CM. Though such defects were not observed in the mycelia cultured on PA medium, frequent branching and curled tips were observed in rpkAD mycelia (Fig. 1B) . With such significant morphological defects in hyphal and aerial growth, the rpkAD showed consequent defects in conidiation too. The rpkAD strain did not produce any conidia on PA medium even on prolonged incubation in light. Further microscopic observations revealed that rpkAD strain did not produce any conidiophores, whereas the WT produced normal conidiophores and abundant conidia (Fig. 1C) . Conidiation was not induced in the rpkAD mutant on supplementation with cAMP/IBMX or with additional sucrose in PA or minimal media or oat meal agar (Supporting Information  Fig. S2 ). Loss of surface hydrophobicity brought about by the absence of the hydrophobin rodlet layers in aerial hyphae and conidiospores can easily soak the fungal culture/surface (Talbot et al., 1993) and hence an easily wettable phenotype can be observed. Since rpkAD produced less aerial hyphae and no conidiophores, the wettable phenotype was tested. Drops of water and/or gelatin remained on the surface of B157 mycelia even after 48 h post inoculation, while a mild detergent A. Radial and aerial hyphal growth of the wild type and rpkAD strain. Mycelial plug was inoculated at the centre of PA medium and cultured in dark at 288C for 5 days and photographed (upper panel). Cross sectional view of such colonies showed dramatic reduction of aerial hyphal growth in rpkAD (middle and lower panel). B. Bright field micrographs of the mycelial fragments grown in liquid cultures (upper panel) and from the tip of the cultures grown on PA plates for 2 days at 288C in dark (lower panel). The mycelia of rpkAD often showed enlarged bulbous growth at the tips of filamentous hyphae and often branched and curled at the tips when grown on solid media. C. Development of conidiophores and conidia. Light microscopic observation was performed on strains grown on PA after 48 h exposure to light. Scale bar 5 10 mm. D. Loss of surface hydrophobicity in rpkAD. Surface hydrophobicity of the wild type strain B157 and the rpkAD was assessed by placing 10 ml drops of water or detergent solutions on the growing edges of 7-day-old cultures grown under constant illumination. The photographs were taken after 18 h incubation. solution soaked readily into the mycelial mat. By contrast, drops of water or gelatin immediately soaked into the colony surface of rpkAD (Fig. 1D) . Since PKA is known to be a major regulator of the cell cycle in yeast and other fungi, it was reasonable to check whether deletion of RPKA affects the nuclear number or their distribution. Mycelial fragments of the WT or rpkAD strain were incubated on cover slips and subsequently stained with DAPI or calcofluor white to visualise the nuclei and cell wall respectively. Calcofluor white staining of mycelial cell walls showed that the septa were normal except for being present at shorter intervals in rpkAD mutant, although the such shortened mutant hyphal compartments were uninucleate similar to the wild type (Supporting Information Fig. S3 ). Based on these results, we conclude that the RPKA function is essential for proper hyphal growth and initiation of asexual spores and cell surface hydrophobicity in M. oryzae.
The rpkAD shows increased sensitivity to oxidative stress
The PKA pathway has been reported to control response to oxidative damage in Aspergillus and other filamentous fungus (Zhao et al., 2006; Fuller et al., 2009) . To investigate the role of RPKA during oxidative stress, hyphal tolerance was tested against different concentrations of H 2 O 2 , menadione and paraquat. The rpkAD mycelia showed increased sensitivity to the oxidative agents tested compared to the wild type. The sensitivity to H 2 O 2 was higher in comparison to the other two oxidising agents (Table 1) . Although the decrease in sensitivity to menadione and paraquat was comparatively lower for the rpkAD mutant, it remained consistent in repeated experiments. Such difference in the sensitivity is likely due to the mode of action of the oxidants, given that H 2 O 2 produces hydroxyl radicals via the Fenton reaction whereas menadione and paraquat are redox cycling agents that superoxide radicals (Zhao et al., 2006) .
A spontaneous suppressor of the rpkA-deletion mutant During propagation of the rpkAD strain on growth media, sectors of growth different from that of the original mutant strain could be observed quite frequently after prolonged incubation of about 7-10 days. These sectors were observed on different growth media (PA, CM, Oat meal agar and also PA with supplements mentioned earlier). Such sectors showed profuse conidiation within the otherwise aconidiating rpkAD colony when subjected to constant illumination. Mycelial plugs from the growing regions of such sectors were removed aseptically and subcultured on PA medium. Locus specific PCR confirmed the rpkA gene deletion event in the genomic DNA extracted from these purified suppressor colonies/sectors (Supporting Information Fig. S1 ). We reasoned that these sectors likely acquired spontaneous suppressor mutation(s) and designated these as rpkADsmr (for suppressor mutant of RPKA deletion). Such SMR suppressor mutants were isolated from three independent rpkAD strains, and subsequently purified and characterised in detail. Although all the three suppressor strains showed similar phenotype, we subsequently proceeded with detailed characterisation of the rpkADsmr19, hereafter, referred to as SMR19 ( Fig. 2A) , since it was comparatively more stable and did not show further phenotypic variations. Interestingly, the SMR19 strain, like the parental rpkAD, showed reduced aerial hyphae but an increased growth comparable to the wild type and produced abundant conidiophores and conidia ( Fig. 2B and C) . However, the surface hydrophobicity was still compromised in the SMR19 suppressor strain (Fig.  2D) . Conidia from SMR19 germinated normally and elaborated appressoria similar to the wild type M. oryzae. Appressoria formation was greatly enhanced in the SMR19 background as it elaborated appressoria earlier than the wild type on inductive surfaces; and in addition, and unlike the WT, formed appressoria on the noninductive surfaces too ( Fig. 2E and F) . Since the rpkAD failed to produce conidia, we investigated appressorium formation from hyphal tips in wild type and the mutants by placing coverslips at the end of growing mycelia as described earlier (Kou et al., 2017) . Numerous appressoria could be observed at 24 h from the wild type and SMR19, but the rpkAD hyphae did not produce such appressorialike structures at 24 h or even at 48 h, and instead showed the typical curling and branching at the tips. Surprisingly, such appressoria were induced from mycelial tips in SMR19 even on the hydrophilic surface, whereas this was not the case in the WT hyphae (Fig. 2G) . We conclude that the SMR19 suppressor mutation in addition to restoring the wild-type like growth characteristics, also enhanced formation of conidia, appressoria and appressoria-like structures in the rpkAD strain background.
The rpkAD is non-pathogenic and SMR19 is unable to suppress the plant defence response
To evaluate the role of M. oryzae RPKA during development of blast disease, equal-sized mycelial plugs from the WT or rpkAD were used to inoculate rice roots and wounded barley leaves. No blast disease symptoms developed either on wounded leaves or rice roots on inoculation with rpkAD mycelia, whereas the WT was able to produce typical necrotic lesions on the inoculated leaves and roots of the host plants. The rpkAD mycelia failed to induce appressoria on the surface of barley leaves and consequently failed to penetrate the host plants. Inoculation of barley leaves or rice roots with the mycelia of SMR19 caused typical lesions as the WT, but the size of the lesions produced was comparatively smaller than the WT (Fig. 3A) . Barley leaf explants inoculated with different number of conidia from wild type developed typical blast symptoms comprising spindle-shaped lesions with grey centres. Inoculation of SMR19 conidia induced lesions on barley leaves but the lesions formed were smaller compared to the WT (Fig. 3B ). Spray inoculations of three week old rice seedlings (variety CO39) with the WT conidia showed numerous typical spindle-like, grey centred lesions that merged into one another leading to the typical blast symptoms when observed at 10 dpi. Nevertheless, the SMR19 failed to cause typical blast lesions under similar conditions (Fig. 3B ). Since conidia from SMR19 could produce appressoria on host leaf surface but failed to produce typical blast disease symptoms, we analysed the in planta growth or the ability to form invasive hyphae by SMR19 (Fig. 3C) . Appressoria from the WT penetrated rice leaf sheath at 24 or 25 h post inoculation (hpi) and produced the primary invasive hyphae that started invading the neighbouring cells at 28 hpi. In contrast conidia or appressoria from SMR19 A. Identification of spontaneous suppressors of rpkAD growth defects on PA and CM at 10 dpi. B. Isolated SMR19 on PA medium and aerial cross section of the strain grown on PA. C. Micrographs showing the aerial hyphae formed at 7 dpi, and conidiophores and conidia formed after 48 h exposure to light. Scale bar 5 10 mm. D. Surface hydrophobicity of SMR19 was assessed as mentioned earlier and photographs were taken after 18 h incubation. Drops of water and 0.2% gelatin soaked into the colony of SMR19 as the parental rpkAD strain. E. Enhanced conidiation and appressorium formation in SMR19. Bar graphs showing the quantification of conidia produced, the rate of germination and appressoria formed on both inductive and non-inductive surfaces by the SMR19 strain compared to the wild type. Values represent mean 6 S.E of three independent replicates. For appressoria formation, approximately 200 conidia were counted per replicate. F. Bright field micrographs of the appressoria formed by SMR19 on inductive (hydrophobic) and non-inductive (hydrophilic) surfaces compared with the wild type. Conidia from SMR19 could efficiently elaborate appressoria on the non-inductive hydrophilic surface of the GelBond membrane (lower panel). G. Micrographs showing appressoria-like structures from the mycelia on inductive and non-inductive surfaces. The strains are allowed to grow on hydrophobic coverslips or on non-inductive surface of GelBond membrane at the edge of actively growing mycelial mat for 24 h or 42 h and observed. Scale bar 5 20 mm started penetrating only at 28 h post inoculation on rice leaf sheath. Nearly 95% (p < 0.01) of appressoria from the WT had penetrated the plant cell and formed the primary hyphae, while it was only 9% in SMR19 at 28 h when analysed through aniline blue staining of papillary callose deposits (Fig. 3D) . At 42 hpi, almost 85% of the WT appressoria penetrated and extended the primary invasive hyphae to the neighbouring cells forming the secondary invasive hyphae. In contrast, in SMR19 although most of the appressoria penetrated the host cell wall, the invasive growth was highly restricted to the first cell only and showed marginal, if any, spread to the neighbouring host cells. Even at 48 hpi, the SMR19 penetration hyphae were unable to invade the next cells and remained restricted to the primary site of host penetration. Also, the invasive hyphae formed by SMR19 were not bulbous and remained thinner or narrower than those of the WT. At time points later than 48 h, one phenomenon observed with SMR19 inoculation was the presence of a large number of dark inclusion bodies surrounding the mutant hyphae that likely prevented further in planta growth/invasiveness in the mutant. A. Barley leaf (upper panel) and rice root infection (lower panel) assays with WT and the mutant strains. Barley leaf explants were inoculated with the mycelial suspension from the wild type or rpkAD in 0.02% Tween20. The leaves were lightly scraped with a pipette tip for wounding and inoculated with equal volumes of mycelial suspension in 0.02% tween 20 and results were photographed after 7 days of inoculation. Mock indicates inoculation with 0.02% Tween20. For root infection assays, surface sterilised rice seeds were allowed to germinate and grown on mycelial plugs of rpkAD or the wild type. Mock indicates the seedlings germinated on PA plugs without the fungal cultures. rpkAD is nonpathogenic on wounded leaves and rice roots, but rpkADsmr19 is able to cause some blast disease symptoms or lesions. Arrows indicate necrosis/lesions on roots. Photographs were taken two weeks after inoculation. B. Infection assays with the conidia of SMR19 compared with the wild type. Conidia from WT and rpkAD smr19 were used to inoculate barley leaf explants (left) or sprayed on seedlings of rice cultivar CO39 (right). The number of conidia inoculated on the detached barley leaves is indicated. Disease symptoms for both experiments were assessed 10 dpi. C. Impaired invasive growth of SMR19 when inoculated on rice leaf sheath. Bright field micrographs showing the invasive hyphal growth of WT and rpkADsmr19 at the indicated time points. Scale bar 5 10 mm. D. Micrographs showing host penetration by WT and rpkADsmr19 at 28h stained with aniline blue to show the callose deposition (upper panel) and bar graph showing the penetration and the percentage of appressoria that formed primary and secondary invasive hyphae from WT and rpkADsmr19 at the indicated time points.
Although such inclusions were observed in WT at later time points, the WT strain was able to overcome the host defence and cause necrosis in the plant tissue. The SMR19 hyphae were likewise restricted even at 72 hpi. These results suggested that the SMR19 suppressor has a defect in penetration and is impaired in invasive growth in planta due to its inability to overcome the host defence response.
Accumulation of reactive oxygen species (ROS) within the host cells at the site of penetration is a major response that forms the basis of robust plant defence which includes induction of pathogenesis-related (PR) genes and the generation of inclusion bodies with antifungal activity Fernandez et al., 2014) . We tested the ability of WT or SMR19 to neutralise the ROS produced by plant cells by staining detached leaf sheaths with 3,3 0 diaminobenzidine ( These results indicate that induction of the plant defence responses in SMR19 inoculated rice sheaths contributes to the reducted invasive hyphal growth therein. Taken together, we conclude that RPKA is essential for pathogenicity in M. oryzae, and that the suppressor mutation that restored conidiation in rpkAD failed to suppress the pathogenesis defects associated with the loss of RPKA in M. oryzae.
The rpkADsmr19 harbours a point mutation in the gene encoding the catalytic subunit of PKA Kemptide phosphorylation was used to measure the PKA activity in the hyphal extracts of M. oryzae wild type and rpkAD strain to analyse if deletion of the regulatory subunit influences the overall PKA activity induced by cAMP. It is expected that RPKA deletion would lead to unregulated PKA activity and the basal PKA activity predicted to be higher than the wild type. To our surprise, the hyphal extracts from rpkAD showed negligible/undetectable PKA activity even in the presence of cAMP. PKA activity was absent/undetectable in the extracts of SMR19 mycelia too (Fig. 4A , left panel). Since SMR19 strain conidiated and elaborated appressoria, we sought to examine the PKA activity in the conidial and appressorial extracts. SMR19 lacked PKA activity in the aerial hyphae, conidia and in appressorial extracts, while the WT B157 retained the PKA activity at all these stages of growth and differentiation (Fig. 4A , right panel). The null mutant in CPKA does not block appressorium formation and does not affect the growth and sexual or asexual development in M. oryzae (Xu et al., 1997) . In our study, SMR19 lacked PKA activity or had levels below the detection limit in both the vegetative and asexual phases, thus strongly suggesting the loss of majority of the functional PKA activity therein. Quantitative real-time RTPCR showed that the CpkA mRNA levels were significantly reduced in the SMR19 compared to the rpkAD strain. Also, the mRNA levels of RPKA remained undetectable in both the aforementioned strains (Fig. 4B) . Hence, we reasoned that RPKA deletion leads to complete inactivation of the catalytic subunit in M. oryzae, and the strain likely alleviates the effects of RPKA deletion by a mutation in its catalytic subunit that might or likely does not affect other cellular processes. However, the phenotype of SMR19 greatly resembled the mutant in the high affinity phosphodiesterase (pdeH) that forms appressoria on non-inductive surfaces and is defective in invasive growth. To have a clear idea, the full length ORF of CPKA and PDEH from SMR19 was amplified using specific primers. The PDEH sequence from SMR19 showed 100% identity to the WT allele in the B157 strain, while a point mutation in the coding region of the CPKA allele was identified in the SMR19 strain. In SMR19, a G-to-T transversion occurred at the nucleotide position 724 of CPKA resulting in a Valine to Leucine substitution at the 242 amino acid residue (Fig. 4C) . The identified mutation is located in the active site of the catalytic core and the subdomain I of protein kinase A, and the altered valine is highly conserved in serine/threonine kinases.
Excess cAMP accounts for the SMR19 suppressor phenotypes
The characteristics that distinguish the suppressor from the parental rpkAD strain were analysed to assess the factors that contribute to SMR19 phenotype. The parental rpkAD or SMR19 lacked PKA activity and it is already known that loss of cpkA delays appressorium formation in M. oryzae. To assess whether the decrease/loss of PKA activity leads to appressorium formation on noninductive surfaces, the PKA inhibitor KT5720 was exogenously added to the conidia of WT B157 and inoculated on the hydrophobic and hydrophilic sides of GB membrane. Addition of KT5720 delayed the appressorium formation in B157, and the appressoria formed at 24 h were smaller compared to the untreated control. However, KT5720 treatment failed to elaborate appressoria on non-inductive surfaces in the wild type (Fig.  4D ). Further addition of cAMP or the PKA inhibitor KT5720 to the rpkAD did not lead to the suppressor phenotype on PA plates and failed to stimulate conidiation. We infer that loss of PKA activity on deletion of RPKA alone does not contribute to the characteristic defects seen in the SMR19 strain.
Excess cAMP induces appressoria formation on noninductive surfaces and the pdeHD that shows high intracellular cAMP levels and produces appressoria on non-inductive surfaces (Ramanujam and Naqvi, 2010) . SMR19 elaborated appressoria on non-inductive surfaces resembling a phenotype similar to pdeHD which indicated that intracellular cAMP levels in the suppressor strain might be altered too. Addition of KT5720 had no effect on SMR19 appressoria formation on non-inductive surfaces, or with the addition of cAMP to the WT (Fig.  4D) . The intracellular cAMP levels were measured in mycelia of WT and SMR19 strain. We included pdeHD that accumulates ten-fold higher cAMP compared to the wild type (Ramanujam and Naqvi, 2010) as a positive control. The cAMP levels in the mycelia of rpkAD were A. RPKA deletion affects the PKA activity in vegetative mycelia (left) and in infection structures (right) of M. oryzae. Enzyme activity as monitored by gel electrophoresis showing the migration of phosphorylated substrate towards the anode. PC, positive control; NC, negative control. PKA activity was analysed in the total protein extracted from the frozen mycelial extracts or the infection structures like aerial hyphae (h), conidia (c) and appressoria (a) of rpkAsmr19D and wild type. B. SMR19 strain has a suppressor mutation within the CPKA locus. Amino acid changes found in the subdomains of CpkA in rpkADsmr19 -Amino acids conserved in serine/threonine protein kinases are indicated in blue and altered amino acid highlighted in green. C. Bar graphs showing the fold reduction in the mRNA levels of RPKA and CPKA in rpkAD and SMR19 strains compared to the wild type. RT-PCR was conducted on total RNA extracted from the mycelia of the indicated strains. D. Bar graphs showing appressorium formation in the presence of PKA inhibitor KT5720 at 24 h in the WT (upper panel) or SMR19 (lower panel). Values represent mean 6 S.E of three independent replicates with approximately 200 conidia assessed per experiment. E. Quantification of the intracellular cAMP levels in the mycelia of WT and mutant strains. Values from two biological replicates with two replications for each individual sample were analysed and the mean value is presented.
found to be 50% lower compared to wild type, while the SMR19 showed cAMP accumulation comparable to the WT. The cAMP levels in pdeHD were nearly ten-fold compared to the wild type (Fig. 4E) . If excess cAMP in SMR19 stimulates the conidiation and subsequent appressorium formation compared to its parental rpkAD, then exogenous addition of cAMP should have induced conidiation in rpkAD which again contradicted our hypothesis and results. Therefore, we decided to perform the converse experiment of depleting cAMP in SMR19. Since the deletion mutant of mac1 in M. oryzae is unstable and develops suppressor mutations that bypass MAC1 requirement (Adachi and Hamer, 1998) , we used the adenylate cyclase inhibitor MDL-12-330A to assess the effects of cAMP depletion in SMR19. MDL-12-330A is an inhibitor of the adenylate cyclase and has been effectively used to inhibit cAMP synthesis in Candida albicans and Saccharomyces cerevisiae (Jain et al., 2003; Vandeputte et al., 2012) . Addition of MDL-12-330A reduced the radial growth to the same extent in WT and SMR19. Interestingly, MDL-12-330A treatment of SMR19 resulted in greatly reduced pigmentation and showed colony phenotypes similar to the rpkAD (Supporting Information Fig. S5A ). Addition of higher concentrations of MDL-12-330A showed sectoring in both WT and SMR19. With increasing concentrations of MDL-12-330A, SMR19 showed significantly reduced conidiation when observed at 48 h or at 5 days post photoinduction. However, conidiation was normal in WT at these time points (Supporting Information Fig. S5B and C). Appressorium formation was significantly reduced in MDL12-330A-treated WT conidia on the inductive surface. Addition of MDL-12-330A did not alter appressorium formation on inductive surface in SMR19, whereas the appressorium formation on non-inductive surface was greatly reduced even in the presence of 20 lg MDL-12-330A (Supporting Information  Fig. S5D ). Taken together, these results indicate that increased cAMP levels contribute to the phenotypic defects associated with conidiation and appressorium formation in SMR19, when compared to the WT M. oryzae. We concur that excess cAMP in SMR19 compared to the rpkAD contributes to its phenotypes and that the point mutation in cpkA likely accounts for the increase in cAMP therein. Hence, we conclude that the cumulative effect of RPKA deletion and the suppressor mutation in CPKA led to induced cAMP levels consequent phenotypes in SMR19.
Our repeated attempts with ATMT and protoplast transformation were unsuccessful in the aconidiating rpkAD mycelia for genetic complementation of the mutant rpkAD. Hence, we created the CpkA V242L mutation in the wild-type M. oryzae. An mCherry tag was introduced at the C terminus (CpkA V242L -mC) for ease of distinguishing the variant and for subcellular tracking.
The requisite transformants were confirmed by locusspecific PCR and the presence of cpkA V242L was ascertained by nucleotide sequencing. The cpkA V242L strain was comparable to the WT in growth, conidiation and appressorium formation. One striking difference was that the cpkA V242L showed very low PKA activity (approximately 50% lesser) compared to the wild type. However, the cpkA V242L (unlike the SMR19) did not elaborate appressoria on non-inductive surface, and was pathogenic and spread invasively in inoculated rice leaves (Supporting Information Fig. S6 ). Subsequently, we deleted RPKA in cpkA V242L strain to compare the characteristics with SMR19. The rpkADcpkA V242L strain showed reduced aerial growth similar to SMR19 and produced conidia, and elaborated appressoria on inductive surface. Unlike SMR19, the rpkADcpkA V242L failed to elaborate appressoria on non-inductive surface and was pathogenic. Nevertheless, the phenotypes were completely different from the rpkAD mutant. We conclude that the cpkA V242L mutation suppresses the conidiation and pathogenesis defects associated with the loss of RPKA in M. oryzae (Supporting Information Fig.  S6 ). Unlike SMR19, the cpkA V242L and rpkADcpkA
V242L
were pathogenic, and lacked the ability to form appressoria on non-inductive surfaces. Therefore, we infer that the cpkA V242L mutation in SMR19 partially suppressed the phenotypic defects of rpkAD. We do not rule out the presence of other (suppressor) mutations in the SMR19 background.
Localisation of the cAMP-dependent PKA subunits during different growth phases in M. oryzae
To analyse the subcellular localisation of PKA during asexual and pathogenic phases of M. oryzae, the RpkA and CpkA subunits were fused with fluorescent reporters GFP and mCherry respectively. To avoid the artefacts due to positional effects or over expression, the fusion protein in each instance was under the control of native promoter and at the native locus with GFP/ mCherry at the C terminus. To facilitate the colocalisation analyses between RpkA and CpkA and to monitor the effects of exogenous addition of cAMP on the holoenzyme, a double tagged strain was generated by introducing the CpkA-mCherry (CpkA-mC) fusion construct into the RPKA-GFP strain. The transformants were selected by checking the epifluorescent signals and proper integration of the fused genes confirmed through Southern blotting and locus specific PCR (Supporting Information Fig. S7 ). The in vivo functionality of the fused proteins were verified through analysis of several phenotypes and the modified strains behaved like the parental untagged strain in all aspects of growth and pathogenicity (Supporting Information Fig. S7 ). For confirming the localisation, more than 10 samples over 3 replicates were analysed for each tagged strain.
RPKA is predominantly present in the nucleus at all stages of infection in M. oryzae
Time lapse analysis revealed that RpkA-GFP localises to the nucleus and also as cytoplasmic vesicles/punctae that seemed to be growth phase dependent (Fig.  5) . RpkA-GFP appeared to be nuclear and as bright vesicles diffused throughout the cytoplasm in the mycelia. In the aerial structures during conidiation induced by light for 24 h, RpkA-GFP appeared to be predominantly nuclear in aerial hyphae, while vesicles were more prominent in the developing conidiophores (Fig. 5B) . As the conidia matured, nuclear localisation of RpkA became more prominent and it was interesting to note that RpkA-GFP localised predominantly to discrete vesicles in the terminal cell which represents the active region of growth. Such vesicles likely act as scaffold/cargo for trafficking RpkA to the appressoria and were found to be highly dynamic and traversed along the germ tubes during appressorium initiation (Fig. 5C ). At the hooking stage, the RpkA-GFP signal was vesicular and moved to the incipient appressoria and later became cytoplasmic. Nuclear localisation became prominent in the immature (8 h) and mature A. Vegetative hyphae and aerial structures from RGH24 were imaged after growth on PA medium for 3 days. B. RGH24 grown on PA medium was exposed to constant light and observed for conidiophores after 24 h. C. Conidia from RGH24 were inoculated on coverslips (20 ml from 10 6 /ml suspension), incubated in a moist chamber and subjected to time lapse analysis using a confocal spinning disk microscope. Bright field and the epifluorescent images were captured at the indicated time points using the requisite filters. Images are maximum intensity Z-projections of five confocal stacks, measuring 0.5 mm each. Scale bar is 10 mm. D. RpkA-GFP localisation in the invasive hyphae formed in rice leaf sheath at 42 h after inoculation. Arrows indicate the nuclear localisation of RpkA-GFP. Scale bar is 10 mm.
Dynamics of cAMP PKA in Magnaporthe oryzae 493 appressoria (24 h). The nuclear localisation of RpkA-GFP was visible at all stages of pathogenic development (Fig. 5C ). The localisation of RpkA appeared to be cytoplasmic in the invasive hyphae at 48 hpi in rice leaf sheath. However, a distinct nuclear pool was also evident in some instances (Fig. 5D ). Time lapse analysis of RpkA-GFP strain revealed that there exists a separate pool of RpkA in the nucleus at all stages of infection. Hence, we sought to investigate the colocalisation of RpkA-GFP with the nuclear marker (histone H3-RFP driven by the CCG1 promoter) introduced into RpkA-GFP strain. As expected the RpkA-GFP colocalised with the nuclear marker at all stages of growth starting from the mycelium to the appressorial maturation stage (Fig. 6 ).
CpkA-mCherry predominantly localises to discrete vesicles in the cytosol
The localisation and subcellular distribution of CpkAmC at different growth phases was analysed. The CpkA-mC signal was undetectable in the mycelium grown in CM, while it was completely cytoplasmic in the aerial hyphae during conidiation. CpkA-mC always localised as discrete punctae or vesicular structures in conidia and the infection related structures (Fig. 7) . CpkA-mC showed perinuclear localisation in the conidia and as cytosolic vesicles in the germ tubes and appressoria ( Fig. 7A and B) . The vesicles were dynamic and mobile with bidirectional movement along the length of the germ tubes (Supporting Information Video S1). The vesicular CpkA-mC was more prominent at the hooking stage and could also be observed in the emerging appressorium (Fig. 7C) . As the appressoria developed, the vesicles became less prominent and at 24hpi, the CpkA-mC signal was hardly discernible as vesicular, and appeared predominantly vacuolar in the mature appressoria (Fig. 7C) . The vacuolar localisation was specific for CpkA-mC, since the RpkA-GFP was not seen in the vacuoles at any stage of development. However, like RpkA-GFP, the CpkA-mC vesicular signal was always predominant in the terminal cell of the conidia that represents the active growing region. It was rather surprising that the CpkA-mC signal was never seen in the nucleus at any stages of growth and pathogenic development. The results observed with CpkA-mC localisation allowed us to conclude that there exists a constant level of cAMP in the cell such that the RpkA and CpkA are spatially separated, although we do not rule out the possibility that the localisation of CpkA is independent of cAMPbased induction. Furthermore, CpkA-mC was not seen in the nucleus at any time point whereas the RpkA showed a vesicular distribution. Such vesicles likely serve as the point/region of interaction between these subunits and the PKA holoenzyme would thus reside in the cytosol. RpkA-GFP co-localises with the nuclear marker (histone RFP) at all stages observed. Mycelia or the conidia inoculated on coverslips were imaged at the indicated time points. The co-localisation (remains yellow in the merged panel) of RpkA-GFP (green) with the nuclear marker is readily visible at all time points indicated. Images are maximum intensity Z-projections of five confocal stacks, 0.5 mm each. Scale bar equals 10 mm.
Cytoplasmic vesicles serve as the interaction modules/ scaffold for the regulatory and catalytic subunits of PKA We generated the CPKA-mC RPKA-GFP strain (CMRGH16) to analyse the colocalisation between the two PKA subunits to assess if the cytoplasmic vesicles could anchor RpkA and CpkA in the cytoplasm and traffic them to the appressoria. Live cell imaging and time lapse analysis confirmed the nuclear localisation of RpkA and its vesicular pattern during conidial germination and at later time points (Fig. 8) . However, the nuclear localisation of RpkA-GFP was not so prominent and proved difficult for imaging. The CpkA-mC vesicles were prominent in the cytoplasm at all stages of observation. This confirms that cytoplasmic vesicles are the likely site of interaction, since both the subunits colocalised at these sites during different phases of growth. However, at the hooking stage or at 2-3 h post germination, the co-localisation was not complete and the respective GFP and mCherry signals were distinctly separate. It is consistent with the observations that the intracellular cAMP levels increase at this stage and the cAMP PKA holoenzyme complex is thus not intact.
Exogenous cAMP affects the localisation of PKA subunits and their interaction
Addition of cAMP to the conidia did have an effect on the localisation of RpkA or CpkA at all stages (Supporting Information Fig. S8 ). Ten mM cAMP was added to the conidia of RGH24 or CMcTB8 and inoculated on coverslips for live cell imaging at different time points. On addition of cAMP, RpkA-GFP appeared to be more diffused in the cytoplasm and prominent vesicular pattern could not be observed. However the nuclear localisation was still evident. The vesicular localisation was not prominent in the germ tube or at hooking stage. There was no difference in the vesicular pattern of CpkA in the presence of cAMP, although the size of the Fig. 7 . The catalytic subunit of cAMP/PKA localises as discrete cytosolic punctae throughout the vegetative and asexual development in M. oryzae. Images of CpkAmCherry in the aerial hyphae (A) and the conidia (B) of the CmcTB8 strain. Arrows indicate the perinuclear localisation. C. Conidia harvested from CmcTB8 were inoculated on coverslips and subjected to time lapse analysis. Bright field and the fluorescent images were captured at the indicated time points using the requisite filters. Images are pseudocoloured yellow and are a maximum intensity Z-projection of five confocal stacks measuring 0.5 mm each. Scale bar is 10 mm.
vesicles and the signal intensity were higher. This was more prominent at the hooking stage or immediately after germination (Supporting Information Fig. S8 ). Exogenous cAMP caused the CpkA-mC and RpkA-GFP signal to be highly diffused in the dual-tagged CPKA-mC RPKA-GFP strain in comparison to the individual tagged strains. The cytoplasmic vesicular signals remained separated on addition of cAMP, and the Pearson's coefficient of colocalisation remained lower ( Fig. 9 and Supporting Information Fig. S8 ). The RpkA-GFP or CpkA-mC vesicles were distinct and there was no complete overlap or colocalisation of these vesicles at the hooking stage (Fig. 9) . The Pearson's correlation coefficient values calculated for every time point decreased with the addition of cAMP revealing that cAMP governs the signalling through PKA. As expected, the CPKA vesicles became more prominent and active at all stages in the presence of cAMP which again confirmed the above hypothesis. Nevertheless, cAMP addition is governed only exogenously in our experiments and the actual scenario could be better revealed by downregulating the cAMP synthesising activity of Mac1 under the same conditions.
The catalytic PKA subunit governs the pattern of RpkA-GFP localisation
The fact that there is a separate nuclear pool of RpkA at all stages, and the cytoplasmic vesicles alone seem to be the interacting module for both subunits, we were interested to check whether the absence of CpkA affects the localisation of RpkA. To analyse whether the nucleo-cytoplasmic Colocalisation of RpkA-GFP (green) and CpkA-mC (red) during asexual development. RpkA-GFP localises to the nucleus (indicated by arrows) and cytoplasmic vesicular structures while CpkA-mC remains in the cytoplasmic vesicles. Images are maximum intensity Z-projections of six confocal stacks, 0.5 mm each. Scale bar equals 10 mm. Fig. 9 . Exogenous cAMP affects the localisation and the interaction of the PKA subunits.
Colocalisation of RpkA-GFP (green) and CpkA-mCherry (red) during the asexual development in the presence of exogenous cAMP. Cyclic AMP was added to the conidial suspension and then distributed on the coverslips used for imaging. Addition of cAMP made the cytoplasmic signal more diffused. However the RpkA-GFP and CpkA-mC vesicles remain distinct and separate in the presence of cAMP. Images are maximum intensity Z-projections of six confocal stacks, 0.5 mm each. Scale bar equals 10 mm. localisation of RpkA is affected by CpkA, we introduced the RpkA-GFP plasmid construct into the cpkAD mutant strain and confirmed by Southern and characterising phenotypically. The strain had delayed appressorium formation and was non-pathogenic when inoculated on to the barley leaves. Confocal imaging of the strain revealed that RpkA remained nuclear as well as cytosolic in the conidia (Fig. 10) . The localisation was unaltered at germination however with the delayed appressoria formation, the RpkA vesicles became more dynamic and filamentous and traversed throughout the germtube making the localisation completely distinct (Fig. 10 and Supporting Information Video S2). However, RpkA became nuclear again on initiation of appressorium formation. Analysis of this strain revealed that the presence of CpkA is necessary for the nucleo-cytoplasmic distribution of RpkA, or else CpkA anchors RpkA in discrete vesicles in the cytoplasm. Since rpkAD did not conidiate and showed a dramatic phenotype, we sought to examine the localisation of CpkA in the absence of RpkA using the strain SMR19. Here, CpkA was maintained in its original state along with the CpkA V242L mutation and tagged with mCherry at its C terminus. The strain mentioned as CmcTBS-1 had the characteristics of the suppressor, and localisation of CpkA V242L -mC in SMR19 did not show any differences compared to the wild type, although the expression of CPKA-mC seemed to be very weak. A higher exposure rate for mCherry was used for imaging which did not show any changes in CpkA-mC localisation (Fig. 11) .
Taken together, we conclude that RpkA has a nucleocytoplasmic distribution throughout the pathogenic phase of M. oryzae while CpkA is cytosolic at these stages. The distinct nuclear localisation of RpkA is independent of CpkA whereas the vesicular localisation in the cytoplasm is governed by CpkA. The PKA holoenzyme resides in the cytoplasm and though localisation of CpkA appears to be independent of RpkA its expression or activity is tightly regulated by RpkA.
Discussion
Asexual reproduction and infection-related development play key roles in the disease cycle of the blast pathogen M. oryzae (Wilson and Talbot, 2009 ). The regulatory subunit of PKA is a key mediator of morphogenetic pathways in filamentous fungi. Slower radial growth and conidiation defects appear to be common to PKA regulatory subunit mutations in Neurospora crassa, Colletotrichum lagenarium, A. niger and A. fumigatus (Bruno et al., 1996; Takano et al., 2001; Saudohar et al., 2002; Banno et al., 2005; Zhao et al., 2006) supporting a key role for PKA signalling in asexual development of these organisms. Despite the identification as a suppressor mutation (sum1-99) that suppressed the growth and conidiation defects in the mutant lacking adenylate cyclase mac1 (Adachi and Hamer, 1998) , there are no reports thus far on the functional analyses of RPKA in M. oryzae. Here, we found that disruption of RPKA led to reduced hyphal growth and a complete loss of conidiogenesis and pathogenesis. Although several genes Fig. 10 . The catalytic subunit of PKA governs the pattern of RpkA-GFP localisation. Localisation of RpkA-GFP in cpkAD using the strain RGHCMB4 that formed delayed appressoria. Conidia harvested from RGHCMB4 was inoculated on coverslips and subjected to time lapse analysis at the indicated time points. RpkA-GFP vesicles observed at earlier time points became more filamentous as tubular vesicles as the appressorium formation was delayed and nuclear localisation became re-visible in the incipient appressoria at 10 h. Images are maximum intensity Z-projections of five confocal stacks, measuring 0.5 mm each. Scale bar is 10 mm.
Dynamics of cAMP PKA in Magnaporthe oryzae 497 that control conidiation or conidial morphology have been identified, there are very few mutants that display such total loss of conidiation in M. oryzae. Deletion of the transcription factors MoHOX2, MoSOM1 or MoCDTF1 completely abolished asexual reproduction. Deletion mutant of MoSOM1 or MoCDTF1 was nonpathogenic, while MoHOX2 mutant was still pathogenic through hyphae-derived appressoria though they did not produce conidia Yan et al., 2011) . In addition RPKA is also required for maintaining surface hydrophobicity during mycelial growth.
The SUM1 mutant where RPKA was not inactivated completely showed high PKA activity during mycelial growth in the absence of cAMP and that was partially stimulated by the addition of cAMP (Adachi and Hamer, 1998) . In this study, the overall activity of PKA in rpkAD or its suppressor SMR19 remained null and it showed lack of cAMP dependence. There does not seem to be a consensus in how filamentous fungi respond to loss of the PKA regulatory subunit: the A. niger or A. fumigatus mutants had approximately the same level of PKA activity as the wild type, whereas the activity in the C. lagenarium mutant showed a significant increase over the basal level (Takano et al., 2001; Saudohar et al., 2002; Zhao et al., 2006) . It is possible that the overall transcriptional level and/or activity of the catalytic PKA subunit in rpkAD mycelia is lower than the wild type as inferred from our qRT-PCR results. Hence, a tight regulation of the regulatory and catalytic subunits likely exists at the level of transcription in M. oryzae. The suppressor strain SMR19 that restored the growth and conidiation of rpkAD was surprisingly non-pathogenic and had no PKA activity implying that it lost majority of its functional CPKA. Suppressors of regulatory PKA mutations have also been identified in S. cerevisiae, C. lagenarium, A. niger and N. crassa (Cameron et al., 1988; Bruno et al., 1996; Takano et al., 2001; Saudohar et al., 2002; Banno et al., 2005) . In these studies, suppressor mutations frequently define the gene for CPKA. Consistent with these studies, SMR19 was found to have a mutation in CPKA that alters an invariant valine to leucine in the active catalytic site domain I of protein kinase A. The cAMP phosphodiesterase gene PdeH and the RAS2 locus did not harbour any mutations in the SMR19 strain.
In C. neoformans, the basal levels of cAMP were dramatically elevated in strains lacking the PKA catalytic subunit Pka1 while deletion of regulatory subunit PKR1, resulted in a four-fold decrease in the basal cAMP levels (Dsouza et al., 2001 ). Similarly, the cAMP level in rpkAD of M. oryzae was reduced compared to the wild type, but SMR19 showed higher levels compared to rpkAD. We hypothesise that steady state levels of cAMP are likely increased and maintained via the inactivating V242L mutation in CPKA. In our preliminary studies, we found that the cAMP levels in the cpkAD of M. oryzae remained highly elevated compared to wild type. In M. oryzae, CPKA is dispensable for growth, conidiation and appressorium formation (Xu et al., 1997; Adachi and Hamer, 1998) . Consistently, SMR19 which had lost major PKA activity grew efficiently and produced appressoria normally. The requirement for hydrophobicity is also overcome by the smr mutation, which is a known phenotype of excess cAMP. Exogenous cAMP induces appressoria in Magnaporthe conidia germinating on non-inductive surfaces (Mitchell and Dean, 1995; Choi and Dean, 1997) . Previous studies from our laboratory have illustrated that exogenous cAMP additions or mutants with increased intracellular cAMP enhanced conidiation in M. oryzae and also allow conidia elaborating appressoria on non-inductive surfaces (Liu et al., 2007; Ramanujam and Naqvi, 2010) . We showed that depletion of cAMP through exogenous addition of the adenylate cyclase inhibitor MDL-12-330A prevented SMR19 from elaborating appressoria on non-inductive surfaces. Further, SMR19 showed highly reduced blast -mCherry in SMR19 showed a localisation pattern similar to Cpk A -mCherry in the wild type. However, the mCherry signal remained weak. Conidia from CmcTBS-1 strain were harvested and inoculated on coverslips and imaging was done at indicated time points. Images are pseudocoloured yellow and are a maximum intensity Z-projections of five confocal stacks, measuring 0.5 mm each. Scale bar is 10 mm.
disease symptoms on barley leaves, and lacked pathogenicity on rice seedlings. The appressoria formed by SMR19 were defective in invading the host tissues which is consistent with previous observations that the CPKA has a function in appressorial penetration in M. oryzae (Xu et al., 1997; Adachi and Hamer, 1998) . This might be due to the fact that the CPKA mutation in SMR19 affects the enzyme activity; but the excess cAMP retards the invasive hyphal growth in planta as shown earlier (Ramanujam and Naqvi, 2010) . The restoration of invasive growth in SMR19 upon treatment with DPI (NADPH oxidase inhibitor); and ROS accumulation and the induction of rice PR proteins in SMR19 inoculated plants compared to that of WT revealed that the attenuated invasive growth of SMR19 is due to strong plant defence responses, rather than defects in IH development per se. These results imply that cAMP signalling may also have some hitherto unexplored role(s) in suppressing plant defence during biotrophy.
Further investigations of the role of cpkA V242L in the suppression of rpkA deletion mutant, confirmed that cpkA V242L mutation alone is not responsible for suppression of the phenotypic defects of rpkAD (SMR19), but likely acts in concert with other suppressor mutation(s). Further, it is important to note that we made the RPKA deletion after creating a cpkA V242L mutation in the WT strain, which serves as a converse of the real situation in SMR19. Our findings thus suggest a hierarchical requirement for cAMP/PKA signalling during asexual and pathogenic development in M. oryzae. Localisation of protein kinases to distinct subcellular compartments could be an important element in achieving the cellular specificity of cAMP-PKA holoenzyme. Although PKAdependent signalling and cellular processes have been studied in M. oryzae for more than two decades, this study to our knowledge represents the first detailed analysis of the subcellular localisation of cAMP/PKA in this important model pathogen. In S. cerevisiae, the catalytically inactive Bcy1p-Tpk1p PKA holoenzyme localises to the nucleus and on stimulation by cAMP, the catalytic subunit Tpk1p is exported to the cytoplasm, whereas the regulatory subunit, Bcy1p, remains nuclear under normal growth conditions (Griffioen et al., 2000) . In contrast, the catalytically inactive PKA holoenzyme complex of S. pombe resides primarily in the cytoplasm and cAMP induces nuclear localisation of its catalytic subunit Pka1 on release from the regulatory Cgs1 (Matsuo et al., 2008) . In C. albicans, the localisation of PKA appears similar to S. cerevisiae, the PKA regulatory subunit Bcy1 tethering the catalytic subunit Tpk1 to the nucleus (Cassola et al., 2004) . Despite some apparently fundamental differences in the regulation of PKA holoenzyme localisation in these organisms, there exist few similarities in regulation of PKA localisation under some conditions. However, there exists striking differences in the regulation of PKA localisation between M. oryzae and other filamentous fungi mentioned here. Particularly, CpkA is found to be in the nucleus at least at some instances in these organisms. However, CpkA-mC is completely excluded from the nucleus and is predominantly cytoplasmic in M. oryzae. In M. oryzae, the two subunits of PKA are compartmentalised differently, with RpkA predominantly nuclear in the conidia while CpkA is largely cytosolic confined as perinuclear vesicles. RpkA is also found to have such cytosolic vesicular pattern where it likely interacts with CpkA. The presence of RpkA in the nucleus during vegetative growth and in conidia and appressoria during early stages of infection implies that some aspects of cAMP/PKA signalling occurs within the nucleus and/or regulates some intranuclear pathways. The presence of RpkA and CpkA as cytosolic vesicles at different stages of infection and the dissociation of RpkA-GFP and CpkA-mC vesicles on cAMP addition implies that inactive PKA holoenzyme resides in the cytoplasm and that the free CpkA subunits need not enter the nucleus on activation. It remains to be seen whether the other predicted CPKA paralog in M. oryzae, CPK2, serves a nuclear function. The colocalisation or partial association of RpkA-GFP and CpkA-mC in conidia and germ tubes and their apparent separation during hooking and appressorium formation revealed that cAMP signalling and the downstream PKA are active only at certain stages of pathogenic differentiation in the blast fungus.
The complete absence of conidiation in rpkAD reveals the importance of rPKA nuclear localisation, while cpkAD is least affected in conidiation and appressoria formation. The intracellular cAMP is upregulated during early stages while being downregulated during host invasion, i.e., during appressoria maturation and at further time points in M. oryzae (Ramanujam and Naqvi, 2010) . Addition of cAMP to the conidia or during germination or at hooking dissociated the cytoplasmic RpkA and CpkA vesicles while the same addition thereafter was ineffective. At these stages, RpkA localised to nucleus and CpkA to the vacuoles in the appressoria, which implies that cAMP signalling is likely inactive. CpkA has no role in appressoria formation and is trafficked to the vacuole for degradation. It is worth noting that compartmentalised localisation of PKA subunits at distinct stages of pathogenic differentiation is both cAMP dependent and independent.
In cpkAD that formed delayed appressoria, RpkA-GFP had a distinct filamentous localisation in the germ tubes while restoring its nuclear localisation during the appressoria formation. In C. albicans, lack of polarised growth was suggested to be one of the consequences of PKA mislocalisation (Cassola et al., 2004) . The change in subcellular Dynamics of cAMP PKA in Magnaporthe oryzae 499 distribution of RpkA-GFP in cpkAD likely causes pleiotropic alterations in cellular metabolism and hence delayed appressoria formation in cpkAD could also be one of its consequences. Further, this implies the role of CpkA in tethering RpkA in the cytoplasm and that proper localisation of PKA is essential for appressorium formation in M. oryzae. This view was further strengthened by the observation that CpkA-mC localisation was unaltered during excess cAMP and was also not affected by the complete loss of rpkA in SMR19. The absence of PKA activity or levels below detection in rpkAD mycelia implied a minor role for CpkA in vegetative growth. Lastly, although the rpkA deletion (SMR19) did not affect the pattern of localisation of CpkA, the overall levels and the expression of the CPKA-mC transcript was significantly lower. These results clearly show that there exists a tight regulation of PKA at the level of transcription in M. oryzae.
Presence of the second catalytic subunit, Cpk2, along with CpkA in M. oryzae and the complete exclusion of CpkA from the nucleus as observed herein, clearly implies that the function of Cpk2 is likely crucial for subcellular localisation and regulation of RpkA in M. oryzae. In glucose-grown S. cerevisiae, the majority of Bcy1 is concentrated in the nucleus, together with Tpk1, while Tpk2 and Tpk3 are presumably free in the cytoplasm and potentially active irrespective of the cAMP (Tudisca et al., 2010) . Further, we have also previously shown that M. oryzae utilises the dynamic late endosomal system as a common platform to anchor, transmit and directly regulate G-protein signalling and cAMP synthesis during early stages of infection-related development (Ramanujam et al., 2013) . The inherent connections between the G-proteins and PKA signalling via cAMP implies that this endosomal network may also anchor active PKA signalling in the cytoplasm. However, we observed that the active PKA vesicles are not as dynamic and filamentous as the Rgs1 vesicles reported earlier. Our future studies will focus on characterising the identity of these PKA vesicles and further assess the function of the Cpk2 subunit in M. oryzae.
Experimental procedures
Fungal strains, growth and culture conditions Magnaporthe oryzae strain B157 used as the wild-type throughout this study was obtained from the Directorate of Rice Research (Hyderabad, India). Wild type and the transformants of M. oryzae were routinely cultured on prune agar medium (PA; per litre: 40 ml of prune juice, 2.5 g of lactose,2.5 g of sucrose, 1 g of yeast extract, and 20 g of agar) or complete medium (CM; 0.6% yeast extract, 0.6% casein hydrolysate and 1% sucrose) at 288C. Assessment of the radial growth, aerial hyphae and colony characteristics was carried out by growing the strains in PA or CM medium for one week in the dark. Mycelia used for genomic DNA, total RNA and protein extractions were harvested from cultures grown in liquid CM for 2-3 days at 288C as described. The cyclic AMP analog, Germany) or IBMX (Sigma Aldrich, USA) was added to the medium before plating to a final concentration of 10 mM or 2.5 mM respectively, to check their effects on conidiation. Stock solutions of 8-Br-cAMP (100 mM) was made in water, while IBMX (25 mM) was dissolved in DMSO. MDL-12-330A or Diphenyleneiodonium chloride-DPI (Sigma Aldrich, USA) were dissolved in DMSO and added at different concentrations to the growth media and/or to the conidial suspension respectively.
Assessment of conidiation and appressorium formation
Magnaporthe strains were cultured on PA medium in the dark for 2 d followed by incubation under constant illumination for 4-5 d at room temperature to induce conidiation. To quantitate the number of conidia, the surface growth was scraped with an inoculation loop in the presence of sterile water (containing 100 lg/ml each of streptomycin and carbenicillin). The suspension obtained was filtered through two layers of Miracloth (Calbiochem, San Diego, USA), collected in Falcon tubes (BD Biosciences, San Jose, CA, USA), vortexed thoroughly to ensure complete detachment of conidia from the mycelia, and then pelleted by centrifugation at 4,000 3g for 10 min at 48C. Conidia thus collected were washed twice with and re-suspended in a fixed volume of sterile water containing antibiotics. The number of conidia was counted using a haemocytometer and reported as the total number of conidia per unit area of the colony.
For appressorial assays, droplets of conidial suspension (20 ml at 10 5 conidia per ml) were placed on cover slips (1000 Deckglaser, 22 mm, #1, Thermo Scientific, Germany) for a hydrophobic surface or on the hydrophilic side of GelBond membrane (Lonza Walkersville Inc., USA) and incubated under humid conditions at room temperature. The total number of appressoria formed was quantified after 16 h. Appressorialike structures from the hyphal tips on PA medium were assessed as described (Kou et al., 2017) . Briefly, hydrophobic coverslips washed with ethanol and dried were placed on the edges of the growing hyphae on PA incubated in dark for 3 days. The appressoria-like structures formed underneath the coverslips were observed at 24 h post inoculation.
Plant growth and blast infection assays
Rice cultivar CO39 and barley cultivar Express were used throughout this study, as both are susceptible to M. oryzae strain B157. Rice was grown in a growth chamber at 80% humidity, and 12 h:12 h day:night cycles, at 288C. Barley was grown in a growth chamber at 60% humidity, and 12 h:12 h day:night cycles, at 248C (day) and 228C (night).
For barley leaf infection assays, droplets of conidia (20 ml, containing 1000 or 500 conidia per droplet) were inoculated onto the leaf segments from 10 day old plant mounted in 0.2% kinetin agar plates. For infection with mycelia, leaf segments were wounded by stabbing with a pipette tip. Mycelia from two day old cultures grown in CM were collected and washed with sterile water four to five times, resuspended in 0.02% Tween-20 at a ratio of 1:20 (fresh weight), and vortexed vigorously. Leaves inoculated with 0.02% Tween-20 was used as a noninoculated control. The plates were incubated in a growth chamber (228C, 90% humidity and 16 h illumination/d) and disease symptoms were assessed at 7-10 dpi. Rice leaf sheath infection assay was performed with the conidial suspension as described (Kankanala et al., 2007) . For rice root infection, surface-sterilised rice seeds were allowed to germinate and grow in direct contact with the fungal mycelial plugs as described previously (Dufresne and Osbourn, 2001 ). Roots were examined for black or browning lesions as disease symptoms after two weeks. For spray inoculations, conidial suspensions were diluted in 0.2% gelatin to 1 3 10 6 conidia/ml and sprayed using an artist's airbrush on to 4 week old rice seedlings. The seedlings were covered with plastic bags to maintain high humidity and grown under controlled environmental chambers at 258C (90% relative humidity with illumination and 14 h light periods)
Nucleic acid manipulations
Oligonucleotides used in this study are listed in Supporting Information Table S1 . General procedures for nucleic acid analysis followed standard protocols (Sambrook et al., 1989) . Fungal genomic DNA was extracted using Master Pure Yeast DNA purification kit (Epicenter Biotechnologies, USA). Plasmid DNA was isolated with Geneaid High Speed Plasmid Mini kits. Nucleotide sequencing was performed using the ABI Prism big dye terminator method (PE Applied Biosystems). Homology searches of DNA/protein sequences were performed using the BLAST program (Altschul et al., 1997) and multiple sequence alignments carried out with ClustalW (Thompson et al., 1994) and Boxshade (http://bioweb.pasteur.fr/seqanal/interfaces/boxshade.html). Southern blot analysis was performed using enhanced chemiluminescence labelling and detection kit (Amersham Biosciences, RPN2108). DNA restriction, agarose gel transformation and hybridisations for Southern blot were performed using standard procedures and according to manufacturer's instructions. A. tumefaciens AGL1 was used for T-DNA insertional transformation. Escherichia coli strain XL1 was used for routine bacterial transformations and maintenance of various plasmids in this study.
Targeted deletion of rpkA and fusion constructs
The deletion mutant of RPKA (MGG_07335) was generated using the standard one-step gene replacement strategy. Briefly, about 1 kb of 5 0 UTR and 3 0 UTR regions was PCR amplified (see Supporting Information Table S1 for primer sequences) and ligated sequentially to flank the hygromycin resistance cassette in pFGL44. The gene replacement construct was introduced into M. grisea B157 via Agrobacterium-mediated transformation.
To generate the inframe translational fusions of RPKA-GFP and CPKA-mcherry, a C-terminal tagging with the native promoter was employed. The eGFP ORF from pEGFP-N1 (Clontech, CA, USA) and mCherry ORF from pmCherry (BD Biosciences Clontech, USA) were PCR amplified. The fragments (1 Kb) just proximal to the translation stop codon and immediately downstream of the stop codon of RPKA or CPKA were PCR amplified from the genomic DNA of WT. The TrpC terminator was amplified using pFGL275 as template. For RPKA-GFP, the fragments of last 1 kb of RPKA and GFP with stop codon were cloned to the vector pFGL44 in one step using appropriate restriction enzyme sites and then the downstream fragment of RPKA was cloned sequentially to obtain the final construct prpkA-gfp. For cpkA-mcherry, the mCherry fragment along with the TrpC terminator was cloned into the appropriate restriction sites of pFGL654 vector [encoding the bialaphos resistance gene cassette gene (BAR). The last 1 kb and the downstream fragment of CPKA ORF were then sequentially cloned to this vector to yield the final construct pCPKA-mcherry Trpc construct.
For the site directed mutagenesis to create the SMR19 mutation (V242L equivalent in CpkA), the desired mutation was introduced on the PCR fragment used for cloning and then used for the homology-dependent replacement of the WT CPKA locus with the mutant allele, such that the mutant allele was the sole copy of cpkA placed under its native regulation. The CPKA was replaced with the V242L variant to create the final pcpkA V242L -mCherry-Trpc construct. In all cases, the plasmid constructs were confirmed by DNA sequencing and restriction enzyme digestions at each step and the final construct was introduced into M. grisea B157 via Agrobacterium-mediated transformation.
Resistance to hygromycin (CM containing 250 mg/ml hygromycin, A.G.Scientific Inc, USA) or ammonium glufosinate (BM containing 40 mg/ml ammonium glufosinate, Cluzeau Info Labo, France) was used to select the fungal transformants. Requisite transformants were initially screened by epifluorescence microscopy for GFP or mcherry expression, and sitespecific replacement was confirmed using Southern analysis and/or locus-specific PCR in candidate strains. In each case, two confirmed strains were selected for further observations. The mutant alleles were confirmed by requisite PCR amplification and sequencing analyses. The primers used in each instance are listed in Supporting Information Table S1 .
Real time qRT-PCR
Total RNA was isolated from frozen mycelia or rice leaves (CO39) infected with WT or SMR19 kept frozen at 2808C using RNeasy Plant Mini kit (QIAGEN, USA) according to manufacturer's instructions. The first strand cDNA was synthesised using the RevertAid first strand cDNA synthesis kit (K1622, ThermoScientific) and used a template for qRT-PCR. qRT-PCR was performed on ABI 7900HT (Applied Biosystems, USA) using Power SYBR Green PCR Master Mix (Applied Biosystems, ThermoFisher Scientific) and the requisite primer sets for Oryza sativa-specific open reading frames including PR1a, PR5, peroxidase, and Tubulin (Supporting Information Table S1 ). All qRT-PCR reactions were conducted twice with three replications for each sample. Ct (cycle threshold) values of each gene were normalised against M. oryzae or O. sativa b-tubulin (TUB2) transcript level. Fold changes were compared between treatments Dynamics of cAMP PKA in Magnaporthe oryzae 501 and strains. The abundance of the gene transcripts was calculated relative to the control using the 2 -DDCT method.
Chemicals, staining and microscopy
Calcofluor White (Sigma-Aldrich, USA) was used at 3 lg/ml (in 100 mM Tris/HCl buffer pH 9.0, containing TritonX-100 at 1:1000) to visualise the cell wall and septa and DAPI (diamidino-2-phenylindole; Sigma Aldrich, USA) was used to stain the nucleus. Staining with Calcofluor white and DAPI was carried out essentially as described already (Patkar et al., 2010; Ramanujam and Naqvi, 2010) . Bright field and epifluorescence microscopy was performed with an Olympus IX71 or BX51 microscope (Olympus, Tokyo, Japan) using a Plan APO 100X/1.45 or UPlan FLN 60X/ 1.25 objective and appropriate filter sets. Images were captured with Photometrics CoolSNAP HQ camera (Tucson, AZ, USA) and processed using MetaVue (Universal Imaging, PA, USA), and Adobe Photoshop 7.0.1 (Mountain View, CA, USA). Conidia from the strains, inoculated on cover slips (20 ml; 1 3 10 6 cells/ml) were used for live cell imaging. Time lapse analysis was performed at different stages of pathogenic development viz; germination, hooking and appressorial development and maturation. The localisation in invasive hyphae was analysed at 48 h after conidial inoculation on rice leaf sheath. ROS accumulation was assessed by staining with a solution of DAB (1 mg/ml) as described previously (Fernandez et al., 2014) . Briefly, rice sheath segments inoculated with conidial suspensions at 48 hpi, were stained with DAB solution in the dark for 8 h at room temperature followed by clearing with acetic acid: glycerol: ethanol (1:2:2) solution for 2 h.
cAMP-dependent protein kinase A assay
PKA assay was performed using a nonradioactive cAMPdependent protein kinase assay system (Promega, Madison, WI), following the manufacturer's instructions. PKA activity was visualised by agarose gel electrophoresis of a fluorescent PKA model substrate (Kemptide). Frozen mycelium obtained as for DNA isolation, was ground and suspended in 300 ml of ice cold extraction buffer (Sodium phosphate 20 mM (pH 7.6), 4 mM EGTA, 10 mM Mercaptoethanol, PMSF 0.5 mM and Protease inhibitor -0.5-1 mM) (Kang et al., 1999) . After 15 min extraction in ice, the homogenate was centrifuged at maximum speed for 15 min and the supernatant was used for the enzyme assay. The incubation time for the enzyme reaction was 30 min at room temperature. Protein concentrations in cell-free extracts were determined by the protein assay kit (Bio-Rad) according to the supplier's instructions, and using BSA as a standard.
Quantification of intracellular cAMP
The samples for cAMP estimation were prepared as mentioned previously (Liu et al., 2007; Ramanujam and Naqvi, 2010) . Briefly, mycelial cultures grown in CM at 288C for 2 days were harvested, frozen in liquid nitrogen and lyophilised for 16 h. The samples were extracted with 6% TCA at 48C and washed four times with five volumes of watersaturated diethyl ether. The lyophilised aqueous extract dissolved in appropriate volume of the assay buffer was used for cAMP assays carried out using the cAMP Biotrak Immuno-assay System (Amersham Biosciences, NJ, USA) according to the manufacturer's protocol.
Confocal microscopy, image analysis and processing
Time-lapse or live cell fluorescence microscopy was performed using a Zeiss Axiovert 200 M microscope (Plan Apochromat 1006, 1.4NA objective) equipped with an UltraView RS-3 spinning disk confocal system (PerkinElmer Inc., USA) using a CSU21 confocal optical scanner, 12-bit digital cooled Hamamatsu Orca-ER camera (OPELCO, Sterling, VA, USA) and a 491 nm 100 mW and a 561 nm 50 mW laser illumination under the control of MetaMorph Premier Software, (Universal Imaging, USA). Typically, z-stacks consisted of 0.5 mm-spaced planes for every time point. The maximum projection was obtained using the Metamorph built-in module. Alternatively, images were acquired using a Nikon TiE system (CFI Plan Apochromat VC 100XH 1.4 N.A. objective) equipped with a Yokogawa CSU-X1-A1 spinning disk unit, a Photometrics CoolSNAP HQ2 camera and a DPSS 491 nm 100 mW and DPSS561 nm 50 mW laser lines under the control of MetaMorph Premier Software, (Universal Imaging, USA). Typically, single z-plane or image stacks that consisted of 0.5 mm-spaced sections were captured. GFP and mCherry excitation were performed at 491 nm (Em. 525/40 nm), and 561 nm (Em. 607/36 nm).
Image processing and figure preparation was performed using Bitplane Imaris for 3D surface rendering and colocalisation analysis (see above), Fiji (http://fiji.sc/wiki/index.php/ Fiji), and Adobe Photoshop and Microsoft Excel (for figure preparation).
